The influence of long-range interactions on the progress of heat waves in the radiationcooling disperse flow is considered. It is shown that the system exhibits oscillations attendant on the process of establishing an equilibrium temperature profile. The oscillation amplitude and the rate of oscillation damping are determined. The conditions under which the radiation cooling process can be unstable with respect to temperature field perturbations are revealed. The results of theoretical analysis and numerical calculation of the actual droplet flow are compared.
Introduction
Solving new scientific and engineering problems, as well as problems in the sphere of information and telecommunication, related to the use of space, calls for a significant increase in spacecraft power-to-weight ratio. The low-grade heat rejection system becomes the most problematic constituent of power systems. When power is increased considerably, conventional panel radiators have a too large area of surface, mass and meteorite vulnerability. Calculations show that the limiting power of long-term functioning spacecrafts with panel radiators does not exceed 100 to 200 kW. With the droplet radiator (LDR) in place it becomes possible to make megawatt-class power spacecrafts [1] . Figure 1 shows a schematic diagram of the LDR. The generator produces droplet flow, cooling down with its propagation in space toward the hydrocollector catching it.
The problem of the radiation cooling of the droplet veil was studied earlier in relation to radiators with particle size from 5 to 30 μm, whose arrangement was considered to be uniform [2, 3] . It was supposed that the droplet temperature is 700 K [4] . The analysis of the energy characteristics was based on the model of an isotropic-diffusing grey medium. For determination of the temperature field in the flow, equations of radiation diffusion transport were solved; it was believed that there are no long-range radiation interactions in the system. The droplet flow cooling process was considered to be a propagation of the heat wave in a medium with nonlinear thermal conductivity [3] . The use of low-grade radiators makes it possible to increase the efficiency of the spacecraft power system and to decrease evaporation losses of the working fluid. The droplet radius in this DR is r ∼ 100 μm and is determined by technical feasibilities of substance dispersing [5] . As the temperature is low enough (T ∼ 400 K), the thermal emission spectrum is concentrated in the region of wavelengths at which the working fluid efficiently absorbs the emission. The integral emissivity of droplets approaches unity. Calculations reveal that the use of the structured droplet flow (Fig. 2) enables an increase in the LDR power by a few tens of per cent as compared to the case of uniform arrangement of particles [6] . Long-range radiation interactions make a noticeable contribution to overradiation of particles. The availability of such interactions in the medium essentially changes the structure of propagating heat waves [7] . This work investigates the influence of long-range interactions on the progress of heat waves in the radiation-cooling disperse flow of the low-grade LDR.
The mathematical model
The structured droplet flow involving several elements -parallel thin droplet layers -is considered (Fig. 2) . The distance between structure elements is thought to exceed the layer thickness, all the droplets in the flow are identical. For identification of the particles the index i is used. In terms of mutual overradiation of the droplets the particle cooling equation is written in the form
where t and x are the time and the coordinate, m, u are the mass and the rate of the droplets, T i is the temperature of the i-th droplet, c is the substance density, σ is the Stefan -Boltzmann constant, P i is the droplet heating power due to external radiation, ε is the efficient emissivity of the droplet that is assumed to be constant. The term Q iΣ characterizes the radiation interaction of the droplet with other particles of the flow. A little variation in the temperature through the droplet volume is not taken into account in Eq. (1.1).
In the structured droplet flow the conditions of particles cooling in each layer are identical. This work has to do with the cooling process of droplet layers, and so the index i defines the structure element number (Fig. 3) , the overradiation of the droplet with the veil can be written as
where l is the length of the droplet flight in the veil, f i,j is the function of the emissivity distribution between the droplet layers with the i and j numbers. The physical meaning of the integral is the summation of overradiation energies of all veil droplets with a droplet at hand. As the distance between the droplet layers is much larger than their thickness, it is assumed that for the emissivity distribution function the following equality is satisfied:
In view of this relationship and using the notation α = 3σε/(rcuρ), where ρ is the substance density, Eq. (1.1) may be written in the form
The integro-differential system of equations (1.3) can be represented as a delayed system. The magnitude of time lag Δx i,j , defined by the relationship:
where
Neglecting the third derivative of the temperature with respect to coordinate, the magnitude of the time lag is equal to
Time-steady solutions of Eq. (1.3) are considered. The dynamical system is solved on a family of characteristics x = ut − x = const. For compactness of the notation, the prime of the magnitude x is dropped. Then the cooling equation is written in the form
The initial condition for this system of equations is the temperature field in the droplet flow at a certain instant of time.
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The idealized problem of establishing a temperature profile in the radiation cooling disperse flow
The droplet cooling process occurs as follows. At first the temperature of all particles is identical and equals T 0 . Then the temperature of the droplets at periphery proves to be less than in the core of the flow (Fig. 4) . At a certain distance from the droplet generator, the equilibrium profile of the flow temperature is established. Then, as the cooling goes on, the profile remains unchanged. In what follows, the process of establishing the equilibrium temperature profile is considered. External radiation is assumed to be absent, and the magnitude Δx i,j is negligible for all values of i and j. In this case the system (1.6) takes the form
The system (2.1) was investigated in [8] . For its solution, the following change of variables is made: ξ = 1 + 3αT
Physically, the magnitude ξ is the cooling rate of a freely cooling droplet (ξ decreases as the coordinate increases), the dimensionless temperature τ is the ratio of the temperature of the droplet cooling down in the LDR flow and that of the freely cooling droplet. The system (2.1) in the new variables becomes
The initial condition is τ i = 1. The system (2.3) describes the process of establishing the droplet flow temperature profile. In this work its solution is found for the axially symmetric droplet flow involving the heated core and the cooled periphery (Fig. 5) . At the center of the flow the temperature field τ c changes slowly, and at the periphery, τ p , it changes much faster. The cooling equations are where the matrix A = 4τ c
, and the vector δτ = δx δy .
The system (2.5) may be generalized to the case of larger dimensionality. In [8] it has been revealed that the equilibrium position in the system (2.5) is a stable node (Fig. 6) , and in the general case, the process of establishing the droplet flow temperature profile is not monotonic and may involve oscillations.
For modeling of the effect of the external radiation on the process of establishing the temperature profile, the term Ψ i (ξ) describing the action of the factor is added in Eq. (2.1) In a neighborhood of the equilibrium position of the unperturbed problem (2.3) the trajectory of the system (2.6) can be described by the equation
The equilibrium position of the system (2.7) moves at a rate ∂ ξ δr:
where A −1 is the matrix inverse to the matrix A. The system's trajectory follows the equilibrium position at a certain distance Δ:
From the relation (2.9) it is seen that in the general case the velocity vector of the motion of the equilibrium position ∂ξδr can change its direction. As a result of this and the fact that the phase trajectories have a rather complex form (Fig. 6) , oscillations may arise in the solution of the system (2.6). Their amplitude is estimated by the magnitude Δ.
The effect of long-range radiation interactions on the process of establishing the temperature profile
The analysis of the solution of the set of equations (1.6) is carried out with the dimensionless variables ξ and τ , Δxi, j is assumed to be a small magnitude. The linear approximation of the system (1.6) is written as
Due to the fact that ξ diminishes with increasing coordinate, the delayed system (1.6) in new variables is transformed into an advanced system (3.1). To simplify the problem, it is assumed that the droplet flow involves the two structure elements -the core and the periphery (Fig. 5) , the external radiation is absent, ε = 1, the magnitude of the time lag is identical for all the structure elements and equals Δx. The notation w = αT 3 0 ξ 12 Δx is introduced. By analogy with the previous section, the solution of the problem is analyzed in a neighborhood of the equilibrium position, and a change to the variables δx and δy is made. As a result, the system (3.1) is written in the form 4ξ d dξ δτ = Bδτ + Ωδτ (ξ + w/4), (3.2) where the matrix B = 4τ c * 3
The equilibrium position of the system (3.2) is in motion with a variation in the magnitude ξ at the velocity
Since the velocity vector of the motion of the equilibrium position ∂ξδr changes its direction with the varying ξ, oscillations of the system's phase trajectory can arise. Their amplitude is estimated by the formula (2.9).
Perturbation development in the disperse flow temperature field was modeled using the characteristic equation for the advanced system (3.2):
Since ξ decreases with increasing coordinate, the growing perturbations correspond to a negative value of λ. Using the notation a = (
p , the relation (3.4) may be rewritten as
Depending on the parameter values of the problem, (3.5) may have one, two or three solutions. For values of the parameters ψ 1 , ψ 2 , ϕ 1 and ϕ 2 , which have a physical meaning, there are solutions of the system (3.5) that are relevant to growing perturbations of the temperature field in the disperse flow. So, when ψ 1 = 0.3, ψ 2 = 0.12, ϕ 1 = 0.85 and ϕ 2 = 0.3, with w > 0.14, Eq. (3.5) has one negative solution (Fig. 7) . When the time lag in the system is small and w < 0.14, the temperature field perturbations damp out.
In addition, the problem of determination of the minimum value of the time lag, Δx min , at which for the initial particle temperature T 0 the radiation cooling process is unsteady relative to the temperature field perturbations, has been solved. The magnitude w may be represented in the form w(x) = αT 3 0 Δx 1 + 3αT
From the analysis of Eq. (3.6) it follows that w diminishes with increasing coordinate and has the largest value, close to the generator, where the value of x nears zero. By virtue of the fact that the relation (3.6) is applicable in the case where x > Δx, it was assumed that Δx = x. For the droplet flow parameters discussed above the solution of the equation
was found for w b = 0.14. Figure 8 presents the dependence Δx min (T 0 ). As the temperature increases, Δx min decreases rapidly. However, at reasonable values of the temperature the magnitude Δx min is large enough and makes up a few tens of centimeters. It follows from the relation (3.6) that, as the droplet flow propagates, the magnitude w decreases fast and becomes less than w b , resulting in a decay of the temperature perturbations. On the other hand, in the vicinity of the generator the droplet veil approaches the state of thermodynamic equilibrium, and the radiation cooling process is not accompanied by development of any instabilities. Thus, the instability of the droplet flow radiation cooling process can exist in the limited region only.
The effect of long-range overradiations on droplets cooling
The numerical solution of the system (3.1) was found for: Ψ p = 0.15, Ψ c = 0, Δx/l = 0.05, ψ 1 = 0.3, ψ 2 = 0.12, ϕ 1 = 0.85, ϕ 2 = 0.3, ε = 1, αT 3 0 l = 7/3. The finite value of ξ in the calculations is equal to 0.4. The initial value is τ p = τ c = 1.
The calculation results are presented in Fig. 9 . It is seen that the system of equations at hand has oscillation solutions. In some cases the oscillations may have rather a large amplitude. We point out that the trajectory 2 corresponding to the solution of the idealized problem without regard for external radiation and far radiation interactions terminates at distances well away from the equilibrium position (τ * c ≈ 2.36, τ * p ≈ 1.67). Under the assumption that the droplets mass in the core of the droplet flow is equal to the mass of droplets at its periphery, the weight-average temperature of the flow, T c , may be represented at the point with the coordinate x in the form
It follows from the relation (4.1) that the influence of the process of establishing the temperature profile on the weight-average temperature of the flow and the DR thermal power is described by the dependence on the coordinate of the complex τ cp = (τ c + τ p )/2. The oscillation amplitude of this complex for trajectories of the system, shown in Fig. 9 , may attain as high as 5% of the LDR power. The rate of the oscillations damping is consistent with the analytical results obtained in Section 3.
The numerical solution of the droplet cooling flow equations
The numerical solution of the system of integro-differential equations (1.3) was obtained for the droplet veil involving the seven droplet layers and having the shape of a rectangular parallelepiped. When carrying out the first calculation, the flow thickness was assumed to be 0.1 m; for the second calculation, 0.5 m. The length of the droplet flight was equal to l = 10 m, the radius r = 50 μm, the initial temperature T 0 = 600 K, the working fluid density ρ = 1100 kg/m 3 , c = 600 J/(kg·K). Packing of particles in the droplet layers was thought to be square, the spacing between neighboring particles was 250 μm. The function f |i−j| (x) was calculated using the method set forth in [6] . Figure 8 shows the function
subject to the coordinate, expressed in units of h which is the distance between the droplet at hand and the droplet layer. It is seen from the plot that the characteristic length of radiation interactions is ∼ 10h. Thus, for the 0.1 m thick droplet flow it is necessary to take into account the radiation interactions between the droplets spaced ∼ 1 m apart, 0.5 m in thickness, at a distance of ∼ 5 m. Figure 10 depicts the phase trajectory of the droplet flow cooling process in the coordinates (τ 1 ; τ 4 ), where τ 1 is the dimensionless temperature of the boundary droplet layer numbered 1, and τ 4 is the dimensionless temperature of the central droplet layer numbered 4 (the arrangement of the droplet layers is shown in Fig. 3 ) for flow thicknesses of 0.1 and 0.5 m. With increasing range of the radiation interactions of particles, the oscillation phenomena accompanying the flow cooling enhance their intensity.
Conclusion
The effect of far radiation interactions on the development of heat waves in the radiation cooling disperse flow of the low-grade LDR has been numerically and analytically investigated. It has been revealed that the droplets radiation cooling and the process of establishing the equilibrium profile in the flow may be accompanied by oscillation processes. The intensity of oscillation phenomena was designed, and the rate of their damping was determined. The results of the theoretical analysis and the numerical calculation of the actual droplet flow were compared. The effect of long-range radiation interactions on the LDR heat power was determined.
